Dual Phase (DP) steel is used in automotive body parts for weight saving and crashworthiness, however there is an issue of DP steel in low stretch flange ability evaluated by hole expanding tests. In order to improve stretch flange ability of DP steel, it is important to estimate the damage of punching quantitatively and to clarify the change of microstructure before and after punching because the hole expansion ratio is decided in the ductility remained after pre-strain equivalent to punching. Therefore we tried to measure the damage of punching by unique techniques of Electron Backscatter Diffraction (EBSD), nano-indentation and micro-tensile testing and to observe fracture surface by Scanning Transmission Electron Microscope (STEM). Average EBSD-Kernel Average Misorientation (KAM) value and pre-strain damage have strong correlation, thus average KAM value can become the index of the damage. The nanohardness and tensile strength using micrometer-sized specimens increased with increasing average KAM value in the ferritic phase as approaching the punching edge. A shear type fracture occurred without necking in the specimen cut out in the area of the edge. The ultrafine-grained ferritic microstructure was observed in the sample cut out in the same area with STEM. It seems that the ductility loss of the punched DP steel was probably attributed to localized strain into the ultrafine-grained ferritic microstructure.
Introduction
In recent years, there has been increasing demand to reduce automobile CO 2 emissions by improving their fuel mileage from the viewpoint of protecting the global environment. This has led to calls to reduce car body weight as well as to improve engine characteristics and reduce engine friction. On the other hand, attempts to increase body strength and improve crashworthiness from the viewpoint of occupant protection in crash accidents have been made in the two areas of body structure optimization and body material strengthening. Gauge reduction and strength increase of
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Tatsuo YOKOI, 1) * Hiroshi SHUTO, 1) Ken-ichi IKEDA, 2) Nobuo NAKADA, 3) Toshihiro TSUCHIYAMA, 4) Takahito OHMURA, 5) Yoji MINE 6) and Kazuki TAKASHIMA 6) steel sheets comprising car body members or application of light-gauge and high-strength steel sheets is demanded as a solution to achieving the two contradictory objectives of lower fuel economy and higher crashworthiness. 1) However, increasing the strength of steel sheets is generally known to decrease their formability. Minimizing this formability degradation by increasing strength is an important steel development issue. 2) Since the late 1970s, research has been conducted on dual-phase (DP) steel with a microstructure composed of soft ferrite and hard martensite as sheet steel that can be strengthened while limiting the degradation of formability to the extent possible. [3] [4] [5] [6] [7] These research efforts have culminated in the development of high-strength DP steel sheets with a low yield ratio, high work hardening rate, room-temperature non-aging property, high bake hardenability, 8, 9) and excellent fatigue properties. 10) After the mid-1990s when the Japan New Car Assessment Program (JNCAP) was initiated to evaluate the crashworthiness of cars, these high-strength sheet steels rapidly replaced mild steels as materials for frame structural members to ensure crashworthiness. More recent years have seen the demand increasing for advanced high strength steel (AHSS) with a tensile strength of over 1 GPa. 11) These frame structural members of automobiles must be formed from high-strength steels into complex shapes to perform as required. How to ensure stretch flangeability has become an issue not encountered with lower-strength steels so far. 12) Stretch flangeability is generally evaluated by the limiting the hole expansion ratio determined by the hole expanding test. The hole expanding test is a test method to evaluate stretch flangeability. It was established as a Japan Iron and Steel Federation Standard 13) and later adopted as JIS Standard Z 2256 14) and ISO Standard 16630. 15) The limiting hole expansion ratio is the degree of hole expansion obtained in a circular punched hole of a test specimen when a conical punch is forced into the hole until any one crack in the hole edge extends through the specimen thickness. It is expressed as the ratio of hole diameter expansion to the original hole diameter. 14) This test method is characteristic in that it can evaluate stretch flangeability as done on presses in mass-production shops. The hole expanding test simulates two continuous steps: punching equivalent to blanking on the press, and hole expansion equivalent to stretch flanging on the press. It is an industrially very useful evaluation technique.
The two-step nature of the hole expanding test complicates the relationship between the limiting hole expansion ratio and mechanical properties of specific materials and hinder the understanding of the phenomena involved. In other words, the hole expanding test is such a technique whereby deformability after the pre-strain or damage in the punching step is evaluated in the subsequent hole expansion step. The limiting hole expansion ratio can be interpreted as an evaluation value of deformability after the punching damage has occurred. The effects of punching damage on the behavior of the crack propagating from the hole edge in the thickness direction through metallurgical changes such as dislocation structure and microstructure are unknown in many respects.
Takahashi et al. 16) observed in detail the behavior of the crack initiated at the hole edge and propagating from the hole edge as a factor controlling punched hole expandability. They clarified the fact that most of the phenomena occurring in the hole expanding test are due to the propagation, but not the initiation, of the cracks. They also discussed the hypothesis that a major factor governing the limiting hole expansion ratio is not crack propagation in a damaged region introduced near the hole edge in the punching step but rapid crack propagation in a region relatively far from the hole edge where the punching damage disappears. They reported that the limiting hole expansion ratio is determined by crack propagation resistance where there is no punching damage or by the crack propagation resistance, Jmat, of the matrix.
Takahashi et al. 17) measured the crack propagation resistance of the matrix and pre-strained specimens of DP steel and precipitation-hardening steel. They indicated that the crack propagation resistance, Jmat, of the matrix was lower for DP steel than for precipitation-hardening steel and that the decrease in crack propagation resistance, Jmat, with pre-straining was larger for DP steel than for precipitationhardening steel. They observed crack cross sections and fracture surfaces and estimated that the main cause of the lower crack propagation resistance, Jmat, of DP steel was the fracture of hard martensite ahead of the crack tip or void initiation and linkage due to interfacial separation between ferrite and martensite. They further developed a punched limiting hole expansion ratio prediction model by considering the punching damage distributed in the radial direction from the punched hole edge and by using the crack propagation resistance, Jmat, and crack driving force, Japp, of the matrix. 18) Concerning the void formation that Takahashi et al. estimated to be the main cause of reduction in crack propagation resistance of DP steel, attempts are made to investigate in detail its relationship to such microstructural factors as the volume fraction of martensite, grain size of martensite and ferrite, strength of martensite, and formation and distribution of martensite and to explain the ductile fracture behavior of DP steels. [19] [20] [21] [22] [23] These researches, however, did not consider the damage done by pre-straining equivalent to punching and did not provide clear guidelines for improving the stretch flangeability of DP steel, which may become a problem during pressworking in mass-production shops.
To understand the ductile fracture phenomenon of DP steel in the hole expanding test, in the present study, we performed punched hole specimens to simulate the punched hole expanding test and observed the fracture surfaces of punched hole specimens after the tensile test. Next, we quantified the punching damage by using electron backscatter diffraction (EBSD) and other techniques, performed nano-hardness measurements, and examined microstructural changes by electron microscopy. Furthermore, we cut out micro-tensile test specimens near the punched hole edge and directly measured the mechanical properties of the damaged region. We comprehensively interpreted the obtained results and tried to understand the punched hole expansion mechanism of DP steel from a metallurgical point of view.
To understand the punched hole expansion mechanism of DP steel from a metallurgical point of view, this report quantifies punching damage by using a cold-rolled DP steel with a tensile strength of 590 MPa as the test material, verifies the validity of the mechanical property measurement techniques employed, assumes the crack produced in hole expansion to be ductile fracture, and proposes its mechanism.
Experimental Methods

Test Material
A dual-phase steel whose chemical composition is shown in Table 1 was melted as the test material. It was then cast, hot rolled, cold rolled to a thickness of 1.2 mm, heated to 1 073 K or a ferrite-austenite two-phase region temperature, and cooled to a ferrite-martensite microstructure. Figure  1 shows optical micrographs of cross sections of the test material parallel to the rolling direction and after nital and Le Pera etching, respectively. The test material exhibits microstructures typical of cold-rolled DP steel with a 590-MPa-grade tensile strength. These microstructures are characteristic in that martensite grains, a few micrometers in size, are connected like a chain of beads along the boundaries of ferrite grains, about 10 μm in size. This is probably because ferrite grain boundaries act as nucleation sites when ferrite reversely transforms to austenite after recrystallization during heat treatment in the ferrite-austenite two-phase temperature region after cold rolling. The area fraction of martensite is about 8%. JIS No. 5 test specimens were taken to orient their longitudinal direction in the transverse direction of the test steel sheet and were tested as specified in JIS Z 2241: 2011. The hole expanding test was performed as specified in JIS Z 2256: 2010. The die-punch clearance was changed from 5.8% through 12.5% to 20.8%. Drilled hole specimens were also tested. The mechanical properties of the steel are shown in Table 2 . The mechanical properties obtained are those of a DP steel of 590-MPa grade with a low yield ratio and an excellent strength-ductility balance.
Punching and Specimen Sampling
The punched hole expansion ratio is known to change with the die-punch clearance. In the present study, we prepared punched hole specimens by changing the clearance as required to change the damage due to punching. Some specimens had holes drilled. Figure 2 schematically illustrates hole punching and subsequent testing procedures. Specimens with a hole punched at the center were tensile tested to simulate the hole expanding test. A strain gradient is known to occur in the radial direction in the hole expanding test. 25) The punched hole specimen tensile test cannot completely simulate the hole expanding test, but we thought that the test could achieve the purpose of evaluating the effect of punching damage on the fracture morphology.
The next step was the measurement to quantify the punching damage. The specimens for this purpose were sampled from the positions shown in Fig. 3 . Of the clearances of 5.8 to 20.8% with which the holes were punched in the specimens, the burnish zone ratio was smallest with a clearance of 20.8%. The punched hole edge in the 300-μm-thickness position from the specimen surface was not a fracture zone but a burnish zone. The items investigated in these sampling positions are shown in Table 3 . The scanning electron microscopy-electron backscatter diffraction (SEM-EBSD) technique continuously measured not only the regions in positions ④ and ② very near the burnish zone and fracture zone, respectively, of the punched hole edge shown in Fig.  3 , but also the region at 500 μm in the radial direction and 300 μm in the thickness direction. The confidence index (CI) that indicates the reliability of EBSD data very near the burnish zone was low. EBSD data with a CI of 0.2 or less were not adopted.
Tensile Test and Fracture Surface Observation of
Punched Hole Specimens The punched hole tensile test specimens were 100-mmlong and 30-mm-wide strip specimens with the tension axis oriented in the rolling direction. These specimens each had Table 3 . Measurement and testing position of specimens. a hole punched at the center with a 10 mmϕ punch and a 12.5% clearance. The tensile test was conducted at a tension rate of 1 mm/min. A crack propagated in the direction perpendicular to the tension axis of the punched hole edge where stress was concentrated and eventually led to a fracture.
Nano indentation
To observe the fracture zone near the hole edge of the specimens fractured in the tensile test, fractography specimens were prepared from some of the broken tensile test specimens and secondary electron images of their fracture zones were taken by using a Hitachi High-Technologies Model S-3000H scanning electron microscope (SEM) with an accelerating voltage of 25 kV and an operating distance of 9 to 11 mm.
SEM, EBSD, and S-TEM Observation
SEM-EBSD measurement and analysis were performed to quantify the damage induced by punching. Microscopy specimens were cut out from the tensile test specimen cross sections normal to the rolling direction and punching direction and were investigated. Attention was focused on the upper burnish zone and lower fracture zone in the punching direction. Microstructural observation and grain orientation analysis were conducted for regions ① to ④ shown in Fig.  3 . The specimens used for these observations had their holes punched with a die-punch clearance of 5.8% or 20.8%. They were mechanically polished, chemically etched, and buffed with colloidal silica. Microstructural observations with secondary electron images and backscattered electron images were performed by using a Carl Zeiss ULTRA 55 field-emission scanning electron microscope (FE-SEM). The grain orientations of the specimens near the burnish zone and fracture zone in positions ④ and ②, respectively, were analyzed using the EBSD method with an accelerating voltage of 20 kV, an operating distance of 15 mm, and an analytical spacing of 0.5 μm. Since the grain size of martensite was fine in the DP steel used in the present study, we assumed that the grains that could be analyzed were only those of ferrite. The dislocation structures of the matrix and punched hole region were compared by scanning transmission electron microscopy (S-TEM). Matrix specimens were taken from regions far from the punched hole edge, thinned by mechanical polishing, and argon ion milled to obtain thin-film specimens. Punched hole region specimens were taken from the normal direction (ND) section near the fracture zone and thinned by a focused ion beam (FIB) system to prepare thin-film specimens. The S-TEM observation of the thin-film specimens was performed with a JEOL Model JEM-2100 transmission electron microscope with an accelerating voltage of 200 kV.
Nano-hardness Measurement of the Punched Hole
Region To quantify the punching damage, nano-hardness was measured in positions ① to ④ shown in Fig. 3 . In particular, the nano-hardness test is expected not only to measure the nano-hardness of ferrite and martensite, but also to distinguish ferrite and martensite in the punched hole region. The nano-hardness test was performed with a Berkovich diamond pyramid indenter on specimen surfaces finally finished by electrolytic polishing. The Oliver-Pharr method was used to calculate the nano-hardness, Hn, from the loaddisplacement curve. The specimen surface was observed with a scanning probe microscope, the microstructural morphology was examined to distinguish between ferrite and martensite, and the nano-hardness measurement positions were selected accordingly.
Micro-tensile Test of Specimens Cut Out from the
Punched Hole Region Micro-tensile test specimens were sampled from the punched hole region positions shown in Fig. 3 . A portion was cut out from the punched hole region with a fine cutter and mechanically polished to arrive at the desired section. The tension direction of the micro-tensile test specimen is parallel to the rolling direction of the test material. The specimen was then focused ion beam milled by an FEI Quanta 3D system to the geometry shown in Fig. 4 and specified in JIS C 5630-2. The micro-tensile test was performed at room temperature in air and at a displacement rate of 0.1 μm/sec.
The micro-tensile testing machine employed in this test uses a piezoelectric device as an actuator to apply load to the specimen and has a loading jig attached to the end of the actuator. 26) The specimen holder and loading mechanism are attached to the loading jig and mounted on precision X-Y-Z stages and a rotary stage with a positioning repeatability of 0.1 μm. This setup can position the specimen with high accuracy. The testing apparatus is equipped with a white light interferometer capable of measuring the specimen surface geometry with a resolution of 0.2 nm. It can thus measure the strain of the specimen as well as the surface profile accompanying the deformation of the specimen surface. 27) The fracture surfaces of fractured micro-tensile test specimens were observed with a JEOL Model JSM-5600 scanning electron microscope at an accelerating voltage of 15 kV to examine their fracture morphology. Figure 5 shows SEM micrographs of the fracture surface of a punched hole specimen fractured in the tensile test. The fracture surface far from the punched hole edge reveals a dimpled fracture surface similar to the fracture surface of a normal tensile test specimen. A dimpled fracture surface similar to the fracture surface far from the punched hole edge was not observed at the same magnification in the area extremely close to the punched hole edge. Observed instead is a relatively flat fracture surface and a fracture surface where relatively small dimples are sparsely present. Generally, ductile fracture is understood to occur as microvoids initiate at inclusions and second-phase particles and within and between the grains in the material, which then grow and eventually coalesce. Primary dimples corresponding to voids are observed on the fracture surfaces of materials fractured in this way. 28) This is considered to be one characteristic of ductile fracture. In DP steel, voids are considered to originate from martensite and correspond to primary dimples. The amount of applied strain expended in the growth of voids is small in DP steel with a second phase of martensite, as observed on the relatively flat fracture surface extremely close to the punched hole edge and the fracture surface with presence of relatively small dimples. This is regarded as a rare case of voids coalescing as soon as they are formed and eventually leading to fracture. The change in the inside of the material due to punching is suggested to be a direct cause.
Results and Discussion
Change of Fracture Morphology with Punching
Quantification of Punching Damage
The kernel average misorientation (KAM) value used to quantify the local misorientations within the grains are considered to reflect the amount of geometrically necessary (GN) dislocations accumulated within the grains. 29) Based on this consideration, attempts are made to quantify the amount of plastic deformation of materials by the KAM value. 30) Our present study also attempted to treat the damage introduced by the hole punching operation as the amount of plastic deformation.
The relationship between the distance from the punched hole edge and the average KAM value is shown in Fig. 6 . The average KAM values obtained by the EBSD analysis of rectangular regions with a width of 30 μm in the radial direction of the punched hole and a depth of 300 μm in the thickness direction by reference to the punched hole edge is plotted as average KAM value against the distance of the center position of the rectangular regions from the punched hole edge. Our present study calculated the KAM values by analyzing the grain orientations with the grain orientation analysis software TSL Solutions OIM Analysis Version 7.1.0. The EBSD-KAM values were calculated by the average misorientations between the measurement point and the six first proximate points adjoining the measurement point and by adopting misorientations of 10° or more. The average KAM values decrease as the distance from the punched hole edge increases and converge to 1° or less at distances of more than 300 μm. The average KAM values in the punched hole edge and the distribution of the average KAM values in the radial direction change with the die-punch clearance. The limiting hole expansion ratio also changes with the diepunch clearance. The average KAM value is thus considered to be effective as an index for quantitatively evaluating the damage introduced by the hole punching operation. Figure 7 shows scanning probe microscope (SPM) micrographs of nano-hardness measurement positions. In the positions near the punched hole edge, except position ③, the amount of plastic deformation is very large so that it appears difficult to distinguish between ferrite and martensite. In the positions extremely close to the punched hole edge or positions ①, ②, and ④ as compared with the position further from the punched hole edge or position ③, not only ferrite but also martensite is deformed, and the martensite grains appear to have lost their original shape. In positions ①, ②, and ④, therefore, it was difficult to measure the hardness of ferrite and martensite separately. After the nano-hardness measurement, ferrite and martensite were classified according to the measured nano-hardness values. Table 4 shows the measured nano-hardness values. In the matrix not affected by the hole punching operation, the nano-hardness of ferrite is about 4 GPa. The nano-hardness of martensite varies greatly but is averaged at about 14 GPa. This means that the grains with a nano-hardness of 8.5 GPa or more can be recognized as those of martensite. In positions ①, ②, and ④, on the other hand, the average nano-hardness of ferrite is about 5.1 to 7.5 GPa. These nano-hardness increases may be ascribed to work hardening arising from punching-induced plastic deformation. The nano-hardness of martensite averages 10 to 15.9 GPa, and these nano-hardness data vary greatly. The difference in the magnitude of punching damage between the nano-hardness measurement positions is not clear. The nano-hardness changes in these positions are not clear-cut as compared with the matrix.
Nano-hardness Measurement of Microstructures in Punching-damaged Regions
Concerning the work hardening of as-quenched martensite, Nakajima et al. 31) investigated the changes of an Fe-18%Ni alloy in yield behavior and dislocation density with pre-straining. They clarified the fact that very slight pre-straining causes movement and pair annihilation of mobile dislocations, decrease in dislocation density, and increase in the elastic limit. From SPM micrographs of the DP steel we investigated, it is observed that both ferrite and martensite are plastically deformed greatly in the positions extremely close to the punched hole edge. From the nanohardness measurements, it is also recognized that the ferrite is work hardened. However, no change in elastic limit can be identified from the nano-hardness measurement. At least, no clear tendency was observed for the work hardening of martensite. Figure 8 shows the stress-strain curves of micro-tensile test specimens taken from positions ②, ③, and ④. The strain on the x axis of the graph is the strain measured with a white light interferometer using a digital image correlation technique (DIC). The y axis plots the nominal stress or the load measured with a load cell and divided by the initial specimen cross-sectional area. As compared with the stress-strain curves of the specimens at the matrix and position ③, the fracture strain of the specimens at positions ② and ④ decreases with increasing tensile strength. In other words, the mechanical properties of these specimens are greatly different from those of the specimens at the matrix and position ③. These stress-strain curves indicate the nominal strain estimated with the white light interferometer and the nominal stress automatically acquired from the load cell measurements during the micro-tensile test. Since the final point acquisition timing and strain rate vary with the specimen, the strain at the final point is not fracture strain obtained from what is called fracture elongation. The shapes of the stress-strain curves vary according to the die-punch clearance and according to whether the specimens were at the burnish zone or fracture zone of the punched hole edge. The reason for this variation cannot be explained by the KAM values near the punched hole edge. Probably, these curve shapes are greatly affected by the relationship between the grain orientation and tension direction of the evaluated micro-tensile test specimens, the volume fraction of ferrite grains and martensite grains, the relationship between the ferrite/martensite interface and tension direction, and the constraint conditions for the ferrite and martensite grains. Figure 9 shows SEM fracture surface micrographs of the micro-tensile test specimens after the test. The specimens at the matrix and position ③ exhibit chisel-point fracture surfaces, while the specimens at positions ② and ④ exhibit shear or cup-and-cone fracture surfaces. This is probably because the specimens at positions ② and ④ were lower in ductility than the specimens at the matrix and position ③ and failed before they fully necked. When the fracture surfaces are examined in detail, dimples are observed on the fracture surfaces of some of the specimens at positions ② and ④, as compared with the specimens at the matrix and position ③. The observed dimples are very small in size, about a few micrometers, as compared with the dimples observed in the matrix of the punched hole tensile test specimens of normal size. The latter dimples are about 10 μm and equivalent to the ferrite grains in size. In this way, the micro-tensile test specimens at the matrix and position ③ are greatly different in fracture morphology and fracture surface appearance from the micro-tensile test specimens from positions ② and ④. With DP steel, it is generally recognized that voids initiate from martensite, then grow and coalesce, and ultimately lead to ductile fracture. The possibility is suggested of this ductile fracture process having changed into a process of initiated voids instantly coalescing and leading to fracture, with a lower percentage of the punching pre-strain spent in void growth.
Measurement of Mechanical Properties in Punchingdamaged Regions by the Micro-tensile Test
S-TEM Observation of Dislocation Structure in
Punching-damaged Regions Figure 10 shows bright-field (BF) S-TEM micrographs of the specimens from the matrix and from position ④. Highdislocation-density martensite grains are observed to surround low-dislocation-density ferrite grains in the specimen from the matrix. As shown in the optical micrographs of Fig. 1 , the ferrite grains are about 10 μm and the surrounding martensite grains are a few micrometers in size. The grains observed in the specimen from position ④ are subgrains, and these subgrains are mostly 1 μm or less in size. This is very similar to the ultrafine-grained microstructure obtained by applying severe plastic deformation, 4 to 5 times larger than equivalent plastic strain, to a bulk material. 32) Ultrafine-grained steels are known to be excellent in strength reduction of area balance but low in uniform elongation. 33, 34) Reduction of uniform elongation by the formation of an ultrafine-grained microstructure is considered to be a factor in the reduction of ductility of the micro-tensile test specimen from position ④.
Okitsu et al. 35, 36) report that when a DP steel is cold rolled and optimally heat treated, an ultrafine-grained microstructure is obtained where fine cementite is dispersed in ferrite. They also say that an ultrafine-grained microstructure is evolved in DP steel with an equivalent plastic strain smaller than the severe plastic deformation claimed to produce finegrained steels.
Namely, the ultrafine-grained microstructure in the ferrite of DP steel is hard to deform in plastic, therefore it seems that this microstructure fractures at the low plastic strain corresponding to the hole expanding test. The formation process of the ductile fracture after the deformation limit can be assumed from the relatively flat fracture surface with a sparse presence of relatively small dimples as shown in the SEM micrographs of Figs. 5 and 9. A hypothesis can be thus derived that the general ductile fracture process comprising void initiation, growth, and coalescence has changed into a process in which a small amount of strain is expended in void growth and the initiated voids easily coalesce.
Unless the equivalent plastic strain introduced by the hole punching operation near the punched hole edge is quantitatively grasped, it cannot be demonstrated that the hole punching operation does not form an ultrafine-grained microstructure in homogeneous steel but yields an ultrafinegrained microstructure in DP steel. The damage (equivalent plastic strain) due to the hole punching operation has a gradient with the distance in the radial direction or the position in the thickness direction from the punched hole edge. Even if the equivalent plastic strain in a given position can be quantitatively grasped, it is very difficult to relate the equivalent plastic strain to the mechanical properties of the material in that position. In our next report, we will conduct our study by using (1) specimens with different microstructures to clarify microstructural factors and (2) a strain introduction technique that can control the resultant damage. Our main research objective will be to quantitatively grasp the relationship between the introduced equivalent plastic strain and microstructure in order to understand the ductile fracture phenomenon in the hole expanding test of DP steel from a metallurgical point of view. Figure 11 shows the relationship of the average KAM value with the nano-hardness and the tensile strength obtained from the micro-tensile test. The error bars denote standard deviations. The plotted points indicate the average KAM value and micro-tensile strength in the same positions as the nano-hardness measurement positions shown in Table  4 . The nano-hardness and micro-tensile strength are organized by the average KAM value. As described earlier, the KAM value is considered to reflect the amount of GN dislocations accumulated within the grains and to correspond to the equivalent plastic strain. The relationship between the average KAM value and equivalent plastic strain is not necessarily linear. However, there is observed a tendency for micro-tensile strength and ferrite nano-hardness to increase with increasing average KAM value. In particular, tensile strength is generally inversely correlated with fracture elongation. As far as residual ductility after the hole punching operation is concerned, the tensile strength from the micro-tensile test is strongly correlated with the punched hole expansion ratio. The average KAM value thus can be used an index for quantitatively evaluating the damage due to the hole punching operation.
Relationship between Punching Damage and Mechanical Properties
On the other hand, there is seen a tendency for the nanohardness of martensite to decrease with increasing average KAM value. The SPM micrographs show that the martensite grains are also plastically deformed very greatly near the punched hole edge. This decrease in nano-hardness of martensite with the increase in average KAM value appears to be due to work softening accompanying the plastic deformation of martensite. Tamura et al. report the work softening phenomena of Fe-Ni-C martensites. 37, 38) When martensite having transformation twins is worked, low-carbon martensite deforms by slip and high-carbon martensite deforms by twinning. Work softening is shown to arise from the annihilation of transformation twins. We have not confirmed that many transformation twins are contained in the martensite grains comprising the DP steel investigated in our present study. There exists the possibility that many twins are contained due to martensite transformation by lattice invariant shear when the martensite grains are surrounded and constrained by ferrite grains.
Conclusions
To understand the ductile fracture phenomena in the hole expanding test of DP steel, our present study performed quantification of punching damage with the aid of EBSD and other techniques. We then performed the punched hole specimen tensile test to simulate the punched hole expanding test, observed the fracture surfaces of specimens taken near the punched hole edge, measured the nano-hardness of the specimens, and measured the microstructural changes of the specimens by electron microscopy. Furthermore, we cut out micro-tensile test specimens from the punched hole regions and directly measured the mechanical properties of the regions damaged by the hole punching operation. As a result, the following findings were obtained:
(1) The fracture zone of the punched hole edge in the DP steel was different from a general dimpled fracture surface. This tendency agreed with the tendency of the microtensile test of specimens cut out from very near the punched hole edge. The amount of the strain expended in the growth of voids was small. The possibility was suggested that the initiated voids could immediately coalesce and eventually lead to fracture.
(2) The results of the micro-tensile test clarified that the ferrite grains near the punched hole edge were severely work hardened and decreased in ductility.
(3) The possibility was indicated of quantitative interpretation of the strain distribution by the EBSD-KAM method. Consequently, it was indicated that the strain was high near the punched hole edge and decreased with increasing distance in the radial direction from the punched hole edge.
(4) From the nano-hardness measurements, it was Fig. 11 . Relationship between Ave. KAM value and Nano hardness, Micro-tensile strength.
recognized that the nano-hardness of the martensite grains increased near the punched hole edge, but that the nanohardness of the ferrite grains markedly increased near the punched hole edge. (5) The S-TEM micrographs of the specimens from very near the punched hole edge show that the ferrite grains were subgrains and mostly 1 μm or less in size. This suggested the formation of ultrafine ferrite grains. Namely, the adoption of EBSD-KAM values and the measurement of nano-hardness to support the validity of EBSD-KAM value adoption were found to be effective in quantitatively grasping the hole punching damage. The cause of the lower punched hole expandability of DP steel as compared with precipitation-hardening steel, for example, was estimated as follows. The ferrite grains in the dual-phase microstructure are soft by their nature. When DP steel is punched with a hole, the hole punching damage is concentrated in the ferrite grains and a fine-grained microstructure is formed in the ferrite grains with an equivalent plastic strain much smaller on average than the equivalent plastic strain applied to obtain an ultrafine-grained microstructure from a homogeneous bulk steel. The plastic deformability is greatly reduced and a small amount of the strain is expended in void growth. The initiated voids promptly coalesce and eventually lead to fracture.
To verify this estimate, however, it is necessary to create an index for expressing the hole punching damage as the amount of plastic deformation more directly than the KAM value and to develop a technique for measuring the index; to establish techniques for applying a given plastic deformation to specimens with good reproducibility and evaluating the mechanical properties of the specimens; and to clarify the fracture mechanism of the ultrafine-grained microstructure formed in the ferrite grains in DP steel. In our next report, we will propose the index and techniques and will verify the mechanism for the low punched hole expandability of DP steel proposed in our present report.
